One of the hallmarks of perceptual learning is specificity, the lack of transfer of the improved discriminative ability when the trained stimulus changes retinal location, orientation or other basic visual attributes. Specificity has been found also for the trained task and the corresponding attended stimulus feature. Here, we provide evidence for a new form of specificity, called reference-frame specificity, which does not follow from changes in the sensory input or the attended stimulus feature. In our paradigm, specificity was the consequence of the mental frame of reference (vertical or horizontal) used to perform the orientation discrimination task. In addition, we found that reference-frame specificity was exacerbated by prolonged practice. Overall the present findings are in agreement with the ''selective reweighting'' hypothesis of perceptual learning.
Introduction
With practice, human beings (and other animals) can improve their discriminative ability, a phenomenon known as perceptual learning (Fahle & Poggio, 2002) . A key feature of perceptual learning is that it is often specific for the trained stimulus feature, such as spatial frequency (Fiorentini & Berardi, 1980 , 1981 , orientation (Crist et al., 1997; Schoups, Vogels, & Orban, 1995) , position (Crist et al., 1997; Karni & Sagi, 1991) or direction of motion (Ball & Sekuler, 1982) , although cases of transfer of learning have been reported in the literature (Ahissar & Hochstein, 1997; Fahle & Poggio, 2002; Mastropasqua & Turatto, 2013) .
The specificity of perceptual learning for low-level stimulus features inspired the ''representation modification'' hypothesis, according to which the neural populations affected by training would be localized in primary visual cortex (V1), where neurons present, for example, small receptive fields and narrow orientation sensitivity (Fiorentini & Berardi, 1997; Karni & Sagi, 1991) . Behavioral indications of specificity for the trained stimulus attribute are not, however, necessarily diagnostic of corresponding changes in early visual areas. Learning, indeed, might entail some degree of plasticity in high-order neural populations that analyze the stimulus sensory representations (Mollon & Danilova, 1996) . Accordingly, it has been shown that perceptual learning is better represented by changes in the response properties of neurons in higher-order areas involved in decision making process (Law & Gold, 2009; Shadlen & Newsome, 2001 ) than by changes in V1 neurons (Crist, Li, & Gilbert, 2001; Ghose, Yang, & Maunsell, 2002; Schoups et al., 2001) .
In line with this view, Lu (1998, 1999) proposed the ''selective reweighting'' hypothesis as a possible mechanism to explain perceptual learning and its specificity. Instead of postulating changes in the early stimulus representations, perceptual learning would arise from the weighting of the ''readout'' connections between a task-decision unit and the stimulus representation (for a similar idea also see, Herzog & Fahle, 1998) . Petrov, Dosher, and Lu (2005) have presented, and empirically tested, a detailed computational model completely based on a selective reweighting mechanism (Dosher et al., 2013; Huang, Lu, & Dosher, 2012) . With training, the selective reweighting mechanism progressively potentiates the connections with the relevant stimulus features for the task at hand, while at the same time lower weights are assigned to the irrelevant features, with no substantial changes in the stimulus sensory representation. Within this framework, specificity is not the consequence of the constrains imposed by the properties of neurons in the early visual areas, but rather, specificity is due to the process of optimization of the readout connections between the decision unit and the trained stimulus representation. In agreement with this view, Otto, Ogmen, and Herzog (2010) have found perceptual learning to be specific for the perceived rather than actual stimulus orientation, a result that gives support to the idea that learning would occur in nonretinotopic representations and that involves changes in attentional readout processes. An alternative view on specificity (and transfer) of perceptual learning has been offered by the Reverse Hierarchy Theory (RHT; Ahissar & Hochstein, 1997 , 2004 . The core idea of RHT is that perceptual learning can take place at different stages of analysis in the visual system. With easy tasks, learning would occur at higher levels of the visual hierarchy, where neurons have larger receptive fields and show little or no specificity for basic stimulus attributes. In this case, perceptual learning is more likely to transfer across different retinal locations and stimulus orientations. By contrast, with difficult tasks, learning would take place at lower levels of the visual hierarchy, and would therefore exhibit the specificity imposed by the properties of neurons at early stages of visual analysis.
Types of specificity
Perceptual learning has been shown to be both stimulus specific and task specific. As already mentioned, stimulus specificity is observed when the trained stimulus changes its retinal location, orientation, contrast, or motion direction. Hence, this form of specificity follows large changes in the sensory input between the training phase and the test phase, like when, for example, the same waveform discrimination task is first trained with a vertical stimulus and then tested with an horizontal one (e.g., Fiorentini & Berardi, 1980 , 1981 , or when the same orientation discrimination task, trained at a given retinal location, is then tested at different locations (e.g., Schoups, Vogels, & Orban, 1995) .
Specificity, however, can be observed not only after changes in the trained visual features, but also for the trained task. Shiu and Pashler (1992) , and Ahissar and Hochstein (1993) were among the firsts to show that when the visual input is defined by two potentially relevant features, perceptual learning is selectively restricted to the attended one. Other studies have shown no transfer between different perceptual tasks relying on similar visual inputs that likely shared a common early level of visual analysis (Crist et al., 1997; Fahle, 1997; Fahle & Morgan, 1996) . Although in some cases the stimuli used in the different tasks were not exactly the same, and hence a role of stimulus specificity cannot be totally excluded, Saffell and Matthews (2003) showed a complete task specificity of perceptual learning with a constant sensory input. Participants were presented with dynamic random-dot motion displays that could have different speeds and directions. Half of participants were trained with the speed discrimination task and then tested on the direction discrimination task, and vice versa for the remaining participants. Despite the stimulus conditions were exactly the same for the two groups, the results showed that perceptual learning was specific for the selected stimulus feature and the corresponding trained task. In sum, although cases of transfer of learning between tasks have been reported (Mcgovern, Webb, & Peirce, 2012; Webb, Roach, & McGraw, 2007) , there is consistent evidence that perceptual learning can be not only stimulus specific but also task specific.
Here, we document a new form of specificity of perceptual learning, based only on the frame of reference used to perform the orientation discrimination task. The peculiarity of this reference-frame specificity is that it was observed when no changes in the sensory input was introduced, a result in agreement with the selective reweighting hypothesis (also see, Huang, Lu, & Dosher, 2012) . According to the model, the final output of the decision unit (i.e. the observer's response) is determined by the input received, through weighted connections, from the stimulus representations, with weights that can be modulated by two top-down factors, feedback and the decision criterion (or bias), with the latter introduced in the model to control for any response bias in a nAFC task (Petrov, Dosher, & Lu, 2005) . Previous studies have also documented that by means of feedback the decision criterion can be changed and optimized with training, and that this form of learning differs from the standard sensitivity learning (Aberg & Herzog, 2012; Herzog et al., 2006) . Our study, however, was not aimed at addressing the effects of training on the optimization of the decision criterion, but rather we wanted to investigate whether it was possible to obtain sensitivity learning specific for the frame of reference used during training. With this regard, it is worth noticing that usually, in perceptual learning tasks, the decision criterion and the reference frame overlap. For example, if the task is to decide whether a given stimulus is tilted clockwise or counterclockwise with respect to the vertical axis, the condition of ''verticality'' defines the reference frame, but the same mental axis is also used as the optimal decision criterion to perform the task. A completely different reference frame and decision criterion are used when the stimulus is rotated by 90°, and the same task (clockwise vs. counterclockwise) is performed with respect to the horizontal axis. The orthogonal rotation of the stimulus, however, introduces a change in both the reference frame and the decision criterion, along with an unwanted massive change in the sensory input. However, it is conceivable to imagine a perceptual condition in which the reference frame and the decision criterion can be disentangled, so that the reference frame can be radically changed without introducing variations neither in the trained stimulus nor in the decision criterion.
Therefore, to show reference-frame specificity, we devised an experimental protocol in which during training participants learned to perform an orientation discrimination for stimuli tilted around an oblique (45°) axis, using the vertical meridian as the frame of reference (or horizontal, counterbalanced across participants). Then, in the test phase they performed the task, with the same stimuli, using a different reference frame (i.e., the orthogonal axis). Specifically, the task was to decide which stimulus among three stimuli was the most oriented toward the assigned reference frame. During the training phase, participants' performance was controlled by means of an adaptive procedure, whereas during the test phase we presented two brief blocks of trials based on the method of constant stimuli. In the first block, participants performed the orientation discrimination task with the same reference frame as during the training phase, whereas in the second block they performed the task using the orthogonal reference frame (horizontal if trained with vertical, or vice versa).
Specificity and the effects of training
Training has almost invariably a beneficial effect on the observer's discriminative capacity. Under an appropriate training regime, we can improve our ability to discriminate subtle differences in the sensory input, with longer training leading to better performance, until an asymptotic level is finally reached. But what is the effect of the amount of training on specificity?
In a recent study, Jeter et al. (2010) have expressly addressed this issue with a paradigm largely based on stimulus specificity. Specifically, in a first training session participants performed a high-precision discrimination task in which they had to distinguish the exact orientation of a tilted Gabor for a given retinal location. Then, in the following training session the authors tested transfer of learning to a different retinal location and stimulus (orthogonal) orientation. The length of the first training session was the main variable of interest, and could involve 2, 4, 8 or 12 blocks of trials in consecutive days (2 blocks per day), whereas the second training session lasted 8 blocks. As expected, the results showed that the longer the training the better the orientation discrimination performance achieved. The novel finding, however, was that the benefit of a prolonged training was paralleled by a negative impact on visual performance at the beginning of the second training session, when the stimulus changed its position and orientation. The degree of specificity was larger when the first training was longer, with an almost complete specificity observed after 12 blocks of trials; by contrast, transfer of learning (i.e. lack of complete specificity) was substantial when the initial training lasted only 2 blocks of trials. Jeter and colleagues argued that the effect of training duration on specificity was at odds with both the ''separate representations'' hypothesis (Karni & Sagi, 1991) and the RHT (Ahissar & Hochstein, 1997 , 2004 , as both do not predict an increment of specificity with practice (for a complete discussion see Jeter et al., 2010) . By contrast, the results were in agreement with the ''selective reweighting'' hypothesis, which predicts that optimized connections should translate into a stronger learning, which should be also less prone to transfer when the stimulus parameters change (Dosher & Lu, 1998 , 1999 Dosher et al., 2013; Jeter et al., 2010; Petrov, Dosher, & Lu, 2005) .
The Jeter et al. (2010) study has been the first attempt to characterize the effect of training on specificity. However, it is not clear whether the reported specificity followed from changes in the stimulus parameters (retinal location and orientation), or from changes in the reference frame when the stimulus orientation was orthogonally changed.
Hence, the second aim of the present study was to isolate the effect of training, if any, on reference-frame specificity, without introducing changes in the sensory input. A straightforward prediction can be derived from the selective reweighting hypothesis: after training with a given reference frame, the introduction of a new reference frame should lead to a performance cost that is directly proportional to the amount of previous training. Put differently, the degree of learning generalization should be inversely proportional to the amount of training necessary to optimize the visual performance with a given reference frame. Therefore, if perceptual learning occurs through changes in the readout connections, and if this process takes into account the reference frame, then we predict both a performance cost when a switch of the reference frame is introduced, and a larger switch cost with longer training. To evaluate the effect of training duration on referenceframe specificity we used a between-subjects design, in which the test phase was preceded by a training phase of different duration for the two groups of participants.
Method

Participants
Thirty-two students from the University of Trento (26 females; mean age = 23) voluntarily participated in exchange for course credit or monetary compensation (16 in the short-training condition, and 16 in the long-training condition). All participants had normal or corrected-to-normal visual acuity and were naïve as to the purpose of the experiment. Informed consent was obtained from each participant prior to the beginning of the experimental procedure, and the whole study was carried out in accordance with the Declaration of Helsinki and with the approval of the local institutional ethics committee (Comitato Etico per la Sperimentazione con l'Essere Umano, University of Trento, Italy).
Apparatus
The experiment took place in a dimly illuminated and quiet room. Visual stimuli were presented on a gamma-calibrated monitor (CRT, 19 00 , 1024 Â 768, 100 Hz) and participants' head was stabilized with a chinrest, at a distance of about 60 cm from the monitor. A custom-made program, written using Matlab and the Psychophysics Toolbox 3.8, managed both stimuli presentation and data storage.
Stimuli
We presented three Gabor patches (1.5°in diameter, 2 cycles per degree, contrast of 80%, for each Gabor patch) over a uniform mid-gray background (45 cd/m 2 ). The Gabor locations were kept fixed and labeled with numbers from 1 to 3. More precisely, the three Gabor were circularly arranged at 1°eccentricity from the center of the screen along three different meridians, counterclockwise tilted at 15°, 135°and 255°from the horizontal axis. The three labels were located along the same meridians, but at a greater eccentricity (7°) to reduce possible interference with the Gabor representations (see Fig. 1a) .
Orientation was the only feature that distinguished one Gabor from another. Specifically, one Gabor was oriented at 45°(counterclockwise from the vertical axis); the other two were oriented respectively at 45°+ a and 45°À a (Fig. 1a) , with a varying according to a 3-down 1-up staircase procedure pointing at 79.4% of correct responses in the training phase, whereas a remained fixed during the test phase (see below). The assignment between Gabor orientation and location was randomly determined in each trial.
Procedure
Participants completed a training phase followed by a test phase. They were instructed to use a given reference frame (vertical or horizontal, counterbalanced across participants) during the training phase, and to maintain it in the first block of the test phase. Crucially, in the second block of the test phase participants were asked to change the reference frame from vertical to horizontal, or vice versa.
The amount of training was the key factor manipulated in a between-subjects design. In the long-training condition, the training phase consisted of fifteen blocks of trials, conducted on five consecutive daily sessions. In the short-training condition, instead, the training phase consisted of three blocks of trials in a single daily session. Each daily session (lasting approximately 30 min) included three blocks of 150 trials each (a brief practice block of 50 trials was administered before the first session). In each block of trials of the training phase we employed a new staircase procedure to control the absolute value of a (orientation difference from 45°, Fig. 1a ) in order to maintain the overall accuracy level around 80%. The staircase procedure used the following parameters: the initial value of a was set at 20°, and the step size varied over time (0.8°for the first 4 reversals, 0.5°for the following 6 reversals, and 0.2°for the remaining reversals).
Once the training phase was completed, participants accomplished the test phase (based on the method of constant stimuli), which lasted approximately 5 min and consisted of two blocks of 80 trials each. During the first block, to perform the orientation discrimination task participants continued to adopt the same reference frame as in the training phase. At the beginning of the second block, participants were asked to change the axis of reference to perform the task. During the test phase a was kept constant in both blocks of trials, and its value was obtained by averaging the three thresholds estimated during the last three blocks of the training phase (i.e., blocks 1-3 for the short-training condition, and blocks 13-15 for the long-training condition).
On each trial the sequence of events was the following: after an inter-trial interval of 1000 ms, the three Gabors and the corresponding position labels were presented for 200 ms. The position labels then remained on the screen until participants responded. Participants were asked to perform a three-alternative forcedchoice (3-AFC) task, reporting the position of the Gabor whose orientation was the closest to the specified reference frame (for example, vertical). Participants responded by pressing one of three keys ('1', '2' or '3') on a standard computer keyboard, without any time pressure. Incorrect location discriminations were signaled by auditory feedback, in both the training and the test phase.
Results
Training phase
In each block of trials, the orientation threshold (at 79.4%) was estimated by computing the arithmetic mean of the last five reversals in the staircase run. The mean orientation thresholds were then entered into two independent repeated-measures ANOVAs, with Blocks as factor. The effect of training was significant for both groups: short-training condition, F(2, 30) = 10.571, p < 0.0001, g 2 = 0.413; long-training condition, F(14, 210) = 15.158, p < 0.0001, g 2 = 0.503. As depicted in Fig. 1b , performance in the orientation discrimination task significantly decreased with practice in both the short-training and the long-training condition, thus showing that three blocks of training were sufficient, in our paradigm, to induce a robust perceptual learning.
Test phase
To evaluate whether reference-frame specificity varies as a function of the amount of practice, we compared, in both groups, the performance in the first block, when the reference frame remained the same as in the training phase, with that in the second block, when the reference frame swapped. On the ground of the selective reweighting hypothesis, we could expect that changing the reference frame should introduce a performance cost, and crucially, that the cost should increase as a function of the training duration.
As a first step, we entered the proportions of correct responses into a repeated-measures ANOVA with Reference (trained vs. untrained) as within-subjects factor, and Training (short vs. long) as between-subjects factor. The analysis revealed a significant main long-training condition, t(15) = 6.192, p < 0.001, r 2 = 0.719. In addition, while in the first block performance in the orientation discrimination task did not differ between the two groups, in the second block (untrained reference frame) it was worse in the long-training than in the short-training condition, t(30) = 3.684, p < 0.001, thus indicating a larger performance cost for the longer training. To further substantiate this result, we calculated the mean performance cost (computed as the difference between the accuracy relative to the trained and untrained reference frame, divided by the accuracy relative to the trained reference frame) for the two groups. The results (see Fig. 2b ) showed that the performance cost differed significantly as a function of training: 4.6 ± 3.5% for the short-training condition, and 12.1 ± 4% for the long-training condition, t(30) = 3.040, p = 0.005, r 2 = 0.381.
This pattern of results suggests two conclusions: first, reference-frame specificity can be observed without any change in the sensory input, and with the trained and test stimulus presenting the same attended feature, here the orientation around the oblique (45°) axis; second, the drop of performance produced by the reference frame switch was modulated by the amount of training. The two results are in agreement with the selective reweighting hypothesis, which postulates that the longer the training phase, the more optimized the connections between the sensory representation and the central decision unit should be, thus leading to a better performance (Dosher & Lu, 1998; Dosher et al., 2013; Petrov, Dosher, & Lu, 2005) . However, the more optimized the connections, the larger the cost paid when such connections need to be reconfigured, either because of a change in the sensory input, or because of a change in the reference frame, as documented in the present study.
Discussion
A recent study by Jeter et al. (2010) has shown that stimulus specificity of perceptual learning increases with the duration of training. Here, we addressed whether specificity can follow from the reference frame used to perform the orientation discrimination task, and whether this form of specificity is also modulated by the amount of practice. We found that (a) despite no changes in the sensory input, visual performance in the orientation discrimination task was specific for the mental axis of reference adopted, and that (b) reference-frame specificity increased with practice, a result that parallels and complements the effect of training on specificity reported by Jeter et al. (2010) . In our paradigm, the training phase After an inter-trial interval of 1000 ms, the three Gabors appeared in central view for 200 ms. The stimuli were presented at 1°eccentricity from the center of the screen, whereas the position labels ('1', '2' and '3') were displayed at 7°eccentricity. Participants' task was to indicate the Gabor that appeared with the closest orientation with respect to the specified axis of reference (e.g., vertical criterion). In the second block of the test phase, the reference frame changed (e.g., from vertical to horizontal). Participants made unspeeded responses and, to avoid unnecessary memory load, the three position labels were displayed until a response was made. Incorrect answers were signaled by auditory feedback. (b) Results from the training phase. Mean performance (threshold at 79.4% correct) in the orientation discrimination task plotted as a function of the number of training blocks. In the shorttraining condition, participants were trained for 3 blocks of trials in a single daily session. In the long-training condition, participants were trained for 5 consecutive days, completing 15 blocks of trials. Perceptual learning is evident in both conditions, but learning reached an asymptotic level only in the long-training condition. Error bars represent SEM.
was implemented by means of a staircase procedure, while the test phase was based on the method of constant stimuli. This allowed us to measure specificity after the reference-frame switch with a minimum amount of trials, and most importantly with a stimulus identical to the one used at the end of the training phase. This choice was motivated by the consideration that in our study specificity, if any, would have been the consequence of a training based on a mental axis of reference. Therefore, we wanted to minimize the risk that the easy stimulus exemplars present at the beginning of each staircase could have been sufficient to induce transfer of learning from the trained to the untrained reference frame, thus masking any evidence of specificity. Unfortunately, the drawback of our method is that it does not allow to ascertain whether the observed specificity is partial or complete, as the only comparison possible is between the performance in the first block (trained reference frame) and that in the second block (untrained reference frame) of the test phase. Hence, the observed performance drop defines specificity only with respect to the performance level achieved at the end of the training phase. However, since training seems to induce full specificity only if performance has reached an asymptotic level (Jeter et al., 2010) , we could speculate that in the long-training condition specificity could have been substantial if not complete, as the learning function seems to have reached the asymptote (see Fig. 1b) .
The paradigm we have adopted rests on the assumption that participants used two independent reference frames to perform the task, one during training and the first block of the test phase, and an orthogonal one during the second block of the test phase. However, two alternative interpretations of our paradigm are possible. First, since one of the three Gabors had a fixed orientation (45°), one might argue that participants could have used this Gabor as reference to decide which of the two remaining Gabors was, for example, more upward tilted. Second, to perform the task participants may have developed a pattern detector operating on the relative orientation differences between the three Gabors, so that the entire pattern was used for learning. In both cases there is no need to invoke an imaginary vertical or horizontal axis of reference to perform the task. However, we believe that our results are not in agreement with these alternative views. Indeed, if participants had performed the task by using the Gabor with the fixed 45°ori-entation as reference, or had developed a pattern detector based on the relative orientation difference between the three Gabors, then this would have led to a modification of the stimulus representation. But the specificity of learning emerged when we instructed participants to change the reference frame is incompatible with the ''representation modification'' explanation, and the two related alterative hypotheses. Indeed, any changes in the stimulus representation would have transferred across the two test phases, as the stimulus pattern was the same, but this was not what we found. Hence, in order to account for the performance difference between the first and second block of test phase, it seems justified assuming that participants used, as instructed, two orthogonal reference frames to perform the task.
With respect to the selective reweighting model (Dosher et al., 2013; Petrov, Dosher, & Lu, 2005) , an interesting question is whether in our paradigm the two different reference frames were implemented in the same decision unit, or in two independent decision units. In our view, the fact that specificity varied as a function of the amount of training suggests that the learning process related to a given reference frame interacted with that related to the orthogonal reference frame. In other words, at some stage of visual processing a single decision unit controlled the same set of weighted connections. Indeed, if the two reference frames were implemented in completely independent decision units, operating on separate connections with the same stimulus representation, the amount of training with one unit should not have affected the degree of specificity when the second unit was activated to implement the new reference frame.
So far we have interpreted our results within the framework offered by the selective reweighting hypothesis, but one may wonder whether they are compatible also with other views of perceptual learning. The results are clearly not in line with the ''representation modification'' hypothesis (Gilbert, Sigman, & Crist, 2001; Karni & Bertini, 1997; Karni & Sagi, 1991) , given that the stimulus representation used in the two blocks of the test phase was exactly the same. Therefore, if learning had occurred at the stimulus representation level, then it should have transferred completely from the old to the new reference frame, irrespective of the amount of training, as the two reference frames used the same trained sensory representation. In a similar fashion, Huang, Lu, and Dosher (2012) have shown that perceptual improvement in a bisection task does not transfer to a vernier offset task despite the fact that the same sensory input was used in both tasks. Hence, our results are not in agreement also with the ''separate neural representations'' hypothesis of specificity (also see, Huang, Lu, & Dosher, 2012; Jeter et al., 2010) . Another possibility is the Reverse Hierarchy Theory (Ahissar & Hochstein, 1997 , 2004 , whose main claim is that the neural site of learning depends on task difficulty: easy tasks are learned at higher sites of the visual hierarchy, whereas hard tasks are learned at lower sites. Therefore, Fig. 2 . Results of the test phase. (a) Proportion of correct responses plotted as a function of the reference frame (trained vs. untrained). The trained reference frame, used in the first block of the test phase, was the one adopted during the training phase (e.g., vertical); the untrained reference frame, used in the second block, was orthogonal to the trained one. After the reference frame switch, a drop in performance is evident for both groups. However, the performance cost was more pronounced after the longest training. (b) Mean performance cost plotted as a function of the amount of training. The results indicate that task criterion specificity increases with training. Error bars represent SEM.
HRT predicts transfer of learning for easy tasks, and specificity for difficult tasks, although recently it has been shown that, at least for an orientation discrimination task, specificity increases with the increased precision of the transfer task rather than with its difficulty (Jeter et al., 2009) . Because in our paradigm we used a high-precision orientation task, according to HRT we should have expected the same degree of specificity regardless of the amount of training. Hence, similarly to what has been argued by Jeter et al. (2010) , the fact that reference-frame specificity increased with the amount of practice does not seem to be in agreement with HRT. However, in its last formulation the theory assumes that as training proceeds learning moves from higher to lower levels of the visual hierarchy, thus progressively involving neural populations with increased neural response specificity (Ahissar & Hochstein, 2004) . One could then argue that when participants trained for 15 blocks they performed the orientation discrimination task using lower visual areas as compared to when participants trained for 3 blocks; consequently, because early visual areas show a larger degree of orientation specificity, our results might apparently be reconciled with HRT. However, with respect to our data this explanation runs into the same problem of the ''separate neural representations'' hypothesis, namely to explain specificity in the first place, since the stimulus representation remained the same in both blocks of the test phase.
Previous studies showing task specificity of perceptual learning used stimuli defined by two independent features, one of which was attended and trained (e.g., contrast), while the other was task irrelevant (e.g., orientation). Specificity emerged when participants were tested on the previously exposed but unattended visual feature (Ahissar & Hochstein, 1993; Saffell & Matthews, 2003; Shiu & Pashler, 1992) . Our paradigm, instead, presented a stimulus defined by a unique visual feature, orientation. Hence, the specificity we found was not the consequence of the fact that during training participants unattended a stimulus' feature that subsequently became relevant in the test phase. Rather, specificity follows from the reference frame adopted during training, which shows that attention has a role in specificity not only when it selects a specific feature of the visual input, but also when attention is directed toward an imaginary mental axis of reference.
Conclusions
Two are the main results of the present study: first, we have documented a new form specificity of perceptual learning, which we have called reference-frame specificity. Its peculiarity is that it did not follow from changes in the trained sensory input, of from an unattended stimulus attribute. Specificity was only the consequence of the mental axis of reference used to perform the orientation discrimination task; second, reference-frame specificity increased as a function of the amount of practice, thus confirming and extending the previous work of Jeter et al. (2010) . Both results find a straightforward explanation in the selective-reweighting hypothesis, and may help further developments of the corresponding (Petrov, Dosher, & Lu, 2005) or related (Herzog & Fahle, 1998) models.
